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DESCRIPTION 

High-Strength and Highly- Wear-Resistant Sintered Diamond Object 
and Manufacturing Method of the Same 

5 

Technical Field 

The present invention relates to a high-strength and highly-wear-resistant 
sintered diamond object and a method of manufacturing the same, and more particularly 
to a cutting tool represented by a turning tool, a milling tool and an end mill, to a wear- 
10 resistant tool representatively used for reinforcing a cramp portion or a sliding portion 
in drawing dies or machine tool, and to application in an electronic material such as an 
electrode part, that attains excellent wear resistance, chipping resistance, shock 
resistance, and thermal conductivity. 
Background Art 

15 As diamond is the hardest substance among those present on earth, a sintered 

diamond object is used in a cutting tool or a wear resistant tool. For example, 
Japanese National Patent Publication No. 39-020483 (Patent Document 1) and Japanese 
National Patent Publication No. 52-012126 (Patent Document 2) disclose a sintered 
diamond object obtained by sintering diamond particles with a binder composed of an 

20 iron-group metal such as Co (cobalt). In the sintered diamond object, chipping due to 
cleavage which is a disadvantage of monocrystalline diamond is less likely. Therefore, 
the sintered diamond object is widely used as a raw material for a cutting tool or the 
like for cutting and working a non-ferrous metal material such as an Al (aluminum)-Si 
(silicon) alloy. 

25 The sintered diamond object containing diamond particle having an average 

particle size of not smaller than 5 jam and not larger than 100(am attains excellent wear 
resistance. Meanwhile, the sintered diamond object containing fine diamond particle 
having an average particle size of less than 5\xm attains excellent chipping resistance. 
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As in the case of common sintered ceramics, as the sintered diamond object contains 
the diamond particles having a finer and uniform particle size in a higher content (high 
density) and the particles are more firmly bound to each other, the diamond particle 
being hard particle constituting the sintered diamond object, the sintered diamond 
5 object tends to attain more excellent chipping resistance. 

As a method of firmly binding the diamond particles, Patent Document 1 
mentioned above discloses a method of using a binder implemented by a solvent, the 
solvent represented by an iron-group metal such as Co, Fe (iron) or Ni (nickel) attaining 
a catalyst capability for dissolving diamond powder and causing the same to re- 

10 precipitate so as to form direct bond called neck growth between the diamond powders. 
In addition, Japanese National Patent Publication No. 58-032224 (Japanese Patent 
Laying-Open No. 55-047363) (Patent Document 3) discloses a method of binding the 
diamond particles by means of a binder composed of carbide of a 4a-, 5a- or 6a-group 
metal in the periodic table. 

15 In the sintered diamond object manufactured with the former method of 

generating neck growth between the diamond particles using Co or WC (tungsten 
carbide)-Co alloy as the binder, unlike the sintered diamond object manufactured with 
the latter method, the diamond particles can maintain a firm structure, even after the 
binder being poorer in hardness or corrosion resistance than the diamond particle is 

20 selectively worn due to mechanical wear such as rubbing wear or chemical wear such as 
corrosion. Therefore, the sintered diamond object manufactured with the latter former 
method is excellent in chipping resistance and wear resistance. 

The binder itself composed of Co or the WC-Co alloy in the former case has 
hardness lower than the ceramics type binder used in the latter method, to say nothing 

25 of comparison with the diamond particle. Namely, this binder is disadvantageous in 
its susceptibility to wear due to mechanical rubbing. 

As such, in the sintered diamond object obtained by firmly sintering ultra-fine 
diamond particles having an average particle size of not larger than l^im by using the 
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Co alloy as the binder while maintaining a uniform texture, if the content of the 
diamond particles can be increased such that the content of the binder composed of Co 
or WC-Co alloy can be minimized, an ideal sintered diamond object attaining 
extremely excellent chipping resistance as well as wear resistance can be obtained. 
5 If sintering is performed by using ultra-fine diamond particle having the particle 

size of not larger than \\xm and the iron-group metal such as Co or WC (tungsten 
carbide)-Co as starting materials, however, abnormal growth of the diamond particle 
tends to frequently occur, unless a temperature and pressure condition at the time of 
sintering is strictly controlled. This is because the ultra-fine diamond particle is highly 

10 reactive. In addition, if a high temperature condition, which is important in promoting 
neck growth, is set and if diamond particle having the particle size of not larger than 
2\xm is used as the starting material, abnormal particle growth is inevitable, and the 
sintered object including an abnormally grown particle portion cannot be cut with EDM 
(Electrical Discharge Machining). Moreover, mechanical strength of the diamond is 

15 also lowered due to generation of defects. Therefore, it is difficult to achieve high 

yield of the sintered diamond object having a particle size of not larger than \\\m and a 
uniform texture. 

As a method of suppressing abnormal growth of the diamond particle, a method 
of controlling abnormal particle growth by arranging hard particle such as WC, cBN 
20 (cubic boron nitride), SiC (silicon carbide) having hardness as high as the diamond at a 
grain boundary of the diamond particle is known. Such a method is disclosed, for 
example, in Japanese National Patent Publication No. 61-058432 (Patent Document 4), 
Japanese National Patent Publication No. 06-006769 (Japanese Patent Laying-Open No. 
64-017836) (Patent Document 5), and Japanese Patent Laying-Open No. 2003-095743 
25 (Patent Document 6). 

Patent Document 1 : Japanese National Patent Publication No. 39-020483 
Patent Document 2: Japanese National Patent Publication No. 52-012126 
Patent Document 3: Japanese National Patent Publication No. 58-032224 
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(Japanese Patent Laying-Open No. 55-047363) 

Patent Document 4: Japanese National Patent Publication No. 61-058432 
Patent Document 5: Japanese National Patent Publication No. 06-006769 

(Japanese Patent Laying-Open No. 64-017836) 
5 Patent Document 6: Japanese Patent Laying-Open No. 2003-095743 

Disclosure of the Invention 

Problems to be Solved by the Invention 

In the method described above, however, direct bond between the diamond 

particles is physically and chemically blocked by arranging hard particle having low 
10 affinity with the diamond particle between the diamond particles or by covering the 

whole surface of the diamond particle with the binder not having capability as a catalyst 

(dissolution and re-precipitation) for the diamond particle, so as to suppress abnormal 

growth of the diamond particle. Accordingly, structure formation as a result of neck 

growth of the diamond particles is insufficient. Consequently, natural mechanical and 
15 thermal characteristic of the diamond is deteriorated, and chipping resistance, shock 

resistance, wear resistance, and thermal conductivity of the sintered diamond object is 

lowered. 

From the foregoing, an object of the present invention is to provide a sintered 
diamond object attaining excellent chipping resistance, shock resistance, wear 

20 resistance, and thermal conductivity as well as a manufacturing method of the same. 
Means for Solving the Problems 

As a result of earnest study for achieving improvement in chipping resistance, 
wear resistance or the like of the sintered diamond object, the present inventors have 
found that strength such as chipping resistance or shock resistance, wear resistance and 

25 thermal conductivity of the sintered diamond object can be improved by strengthening 
the direct bond between the diamond particles. Then, the inventors have studied a 
method of suppressing abnormal particle growth by employing, instead of 
conventionally used hard particle, a new binder suppressing excessive dissolution of the 
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diamond particle in the binder, while maintaining a catalysis (dissolution and re- 
precipitation) with respect to the diamond particle, as in the binder composed of Co or 
the WC-Co alloy. 

Consequently, it has been found that, if fine diamond particle having an 
5 extremely large surface area is used as the starting material, diamond dissolves in Co 
serving as the binder abruptly in a large amount at the time of sintering, and carbon in 
the binder that instantaneously attained supersaturation is precipitated as 
thermodynamically stable diamond, which results in abnormal growth of the diamond 
particle. In order to prevent such abnormal particle growth, at least one element 

10 selected from the group consisting of Ti (titanium), Zr (zirconia), Hf (hafnium), V 

(vanadium), Nb (niobium), Ta (tantalum), Cr (chromium), and Mo (molybdenum) is 
added to Co serving as the binder, such that the content thereof is not smaller than 0.5 
mass % and less than 50 mass %, a part of the element or the element as a whole is 
present as carbide having an average particle size of at most 0.8|j.m, and a texture of the 

15 carbide particle is discontinuous. In this manner, fine carbide serves as getter and it is 
also dissolved in Co to some extent as carbide. Therefore, dissolution and 
precipitation of carbon as a simple substance in Co can be gradual. In addition, the 
element is controlled so as not to be continuous, so that neck growth among the 
diamond particles can more readily be achieved and a strong structure is formed. 

20 Furthermore, an amount of added binder is small, and the hard particle does not need to 
be added. Therefore, the content of diamond in the sintered diamond object is 
increased. 

In the sintered object in which coarse diamond powder is used, the diamond 
particle is more readily sintered as a result of addition of the element to the binder. 
25 Therefore, addition of tungsten carbide as in the conventional example is not necessary, 
and wear resistance of the sintered diamond object can be improved. 

In the sintered diamond object according to the present invention, particles of 
carbide are present discontinuously. In other words, the sintered diamond object does 
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not have such a structure that carbide is directly bound to each other. As presence of 
carbide is less likely to block binding between the diamond particles, binding between 
the diamond particles can be strengthened. 

In the sintered fine diamond object containing diamond having an average 
5 particle size of not larger than 2jum in an amount of not smaller than 90 volume % as 
well, that could not be obtained without abnormal particle growth in the conventional 
method, it has been confirmed that, as the content of the diamond particle in the 
sintered diamond object is larger, wear resistance and chipping resistance of the 
sintered object is improved. 

10 In addition, it has been found that a size of defect in the sintered object is 

closely related to strength such as chipping resistance and shock resistance of the 
sintered object. Here, the defect refers to a diamond particle having a remarkably 
large diameter in the sintered diamond object, a pool of the binder such as the solvent, a 
gap, or an area where binding (neck growth) between the diamond particles is 

15 insufficient (not bound or incomplete binding). As the defect in the sintered diamond 
object is smaller, the strength of the sintered object is increased. 

A high-strength and highly-wear-resistant sintered diamond object according to 
the present invention made based on these conceptions includes sintered diamond 
particle having an average particle size of at most 2\xm and a binder phase as a 

20 remaining portion. The content of the sintered diamond particle in the sintered 

diamond object is at least 80 volume % and at most 98 volume %. The binder phase 
contains at least one element selected from the group consisting of titanium, zirconium, 
hafnium, vanadium, niobium, tantalum, chromium, and molybdenum of which content 
is at least 0.5 mass % and less than 50 mass % and contains cobalt of which content is 

25 at least 50 mass % and less than 99.5 mass %. A part of at least one element or at 

least one element as a whole, the element being selected from the group consisting of 
titanium, zirconium, hafnium, vanadium, niobium, tantalum, chromium, and 
molybdenum, is present as carbide particle having an average particle size of at most 
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0.8|am. A texture of the carbide particle is discontinuous, and adjacent diamond 
particles are bound to each other. 

In such a sintered diamond object, at least one element selected from the group 
consisting of Ti, Zr, Hf, V, Nb, Ta, Cr, and Mo is added to the binder. Therefore, 
5 even if the diamond particle used as a material has a small diameter, abnormal growth 
of the particle can be suppressed without addition of the hard particle. In addition, 
even if the diamond particle used as the material has a larger diameter, the high-strength 
and highly-wear-resistant sintered diamond object attaining excellent chipping 
resistance, wear resistance, shock resistance, and thermal conductivity can be obtained 

10 by adding that element to the binder. An amount of added binder is not larger than in 
the conventional example, and the content of diamond is not smaller than in the 
conventional example. Therefore, lowering in wear resistance or the like is not likely. 

The average particle size of the sintered diamond particle is set to not larger 
than 2\xm and preferably to not larger than 0.8jim, because lowering in strength of the 

15 sintered diamond object due to cleavage of the diamond particle should be suppressed. 

The reason why the content of the sintered diamond particle is set to not smaller 
than 80 volume % and less than 98 volume % is as follows. Specifically, if the 
content of the sintered diamond particle is set to less than 80 volume %, strength such 
as chipping resistance and shock resistance as well as wear resistance is lowered. 

20 Meanwhile, if the content of the diamond particle is set to not smaller than 98 

volume %, the effect of the binder cannot sufficiently be obtained and neck growth does 
not develop. 

The reason why the content of at least one element selected from the group 
consisting of Ti, Zr, Hf, V, Nb, Ta, Cr, and Mo is set to not smaller than 0.5 mass % 
25 and less than 50 mass % is as follows. Specifically, if the content of the element is 
less than 0.5 weight %, an effect of addition of the element for suppressing abnormal 
growth of the diamond particle is lowered. In addition, if the content of the element 
exceeds 50 weight %, an effect of the binder having catalyst capability for promoting 
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neck growth of the diamond particle cannot sufficiently be obtained. 

In the present invention, it is most effective to use Ti metal as the starting 
material, in order to attain both improvement in binding strength between the diamond 
particles and suppression of abnormal particle growth. 
5 Originally, Ti does not attain catalysis for promoting neck growth between the 

diamond particles. In the present invention, however, it is assumed that an appropriate 
amount of Ti is added to a Co binder having catalyst capability for neck growth, so that 
Ti serves as the getter of excessive carbon without blocking catalysis of Co when 
carbon is dissolved in the binder. In addition, it is also assumed that Ti turns to 

10 carbide as a result of reaction with the diamond particle, so as to attain both 

improvement in binding strength between the diamond particles and suppression of 
abnormal particle growth. 

W (tungsten), similarly to Ti, is also effective to some degree in suppressing 
abnormal particle growth. If the diamond particle has a particle size not larger than 

15 ljam, however, W is hardly effective in suppressing abnormal particle growth. In 
addition, if W is added instead of Ti, W is present as WC in the sintered diamond 
object. Therefore, if an Al (aluminum) metal is cut, Al disadvantageous^ tends to 
selectively adhere to WC in the sintered diamond object. 

A specific method of manufacturing the sintered diamond object according to 

20 the present invention includes a method of crushing ceramics powder composed of at 
least one element selected from the group consisting of ultra-fine Ti, Zr, Hf, V, Nb, Ta, 
Cr, and Mo or carbide of that element by using a ball mill or the like, and mixing fine 
diamond powder with the same. Here, in order to use metal powder to implement a 
texture in which carbide in the sintered object is fine and present discontinuously, ultra- 

25 fine particles should be used as the starting material. As a normal metal material has 
ductility, it is only possible to obtain a particle having a several ten jum particle size. 
Therefore, the pool of the binder tends to be formed after sintering, which results in a 
defect. In order to obtain the sintered object of the present invention, it is preferable to 
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use metal particle composed of Ti or the like obtained by an atomization method for 
obtaining ultra-fine metal particles having a particle size of not larger than several \xm. 
Similarly, the Co alloy is also preferably fine, and it is preferable also to use ultra-fine 
metal powder of nanometer order obtained by a titanium redox method in which 
5 titanium ion reduction and oxidation reaction is combined. 

The sintered object of the present invention can be obtained also by using ultra- 
fine ceramics powder composed of carbide of at least one element selected from the 
group consisting of ultra-fine Ti, Zr, Hf, V, Nb, Ta, Cr, and Mo. Further stronger 
bond with the diamond can be obtained, however, as a result of reaction and sintering 

10 of the diamond particle with metal powder, rather than using ceramics powder. 

Namely, it is preferable to employ a chemically active metal particle as the starting 
material, instead of a thermally and chemically stable ceramics particle. This is 
because, when the metal powder is used, the metal powder results a carbide through 
reaction with the diamond particle characterized by its low susceptibility to sintering, 

15 thereby forming strong bond with the diamond particles. 

An ideal method of uniformly and discontinuously arranging at least one 
element selected from the group consisting of ultra-fine Ti, Zr, Hf, V, Nb, Ta, Cr, and 
Mo or ceramics composed of its carbide in the sintered diamond object includes a 
method of coating the surface of the diamond particle powder with the binder by using 

20 PVD (Physical Vapor Deposition). In particular, if sputtering is employed, the 

diamond particle is discontinuously coated with the binder containing an ultra-fine 
metal represented by Ti and having a particle size of approximately 10 to lOOnm and 
particularly of approximately 10 to 200nm, whereby the sintered diamond object 
attaining particularly excellent chipping resistance and wear resistance can be obtained. 

25 In the high-strength and highly-wear-resistant sintered diamond object 

according to the present invention, at least one element selected from the group 
consisting of Ti, Zr, Hf, V, Nb, Ta, Cr, and Mo is Ti, and the content of Ti in the binder 
phase is preferably at least 0.5 mass % and less than 20 mass %. 
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In the high-strength and highly-wear-resistant sintered diamond object 
according to the present invention, preferably, a test piece is cut out from the sintered 
diamond object in a planar rectangular shape having a length of 6mm, a width of 3mm, 
and a thickness in a range from at least 0.35mm to at most 0.45mm, and used for 
5 measuring transverse rupture strength under a condition of 4mm span, and measured 
transverse rupture strength is at least 2.65GPa. 

In addition, in the high-strength and highly-wear-resistant sintered diamond 
object according to the present invention, preferably, the test piece cut out from the 
sintered diamond object in a planar rectangular shape having a length of 6mm, a width 

10 of 3mm, and a thickness in a range from at least 0.4mm to at most 0.45mm is subjected 
to dissolution treatment in a sealed container at a temperature in a range from at least 
120°C to lower than 150°C for 3 hours by using fluoro-nitric acid obtained by mixing 
40ml of twice-diluted nitric acid having a concentration of at least 60% and less than 
65% and 10ml of hydrofluoric acid having a concentration from 45 to 50%, and 

15 thereafter the test piece is used for measuring transverse rupture strength under a 

condition of 4mm span, and measured transverse rupture strength is at least 1.86GPa. 

In the high-strength and highly-wear-resistant sintered diamond object 
according to the present invention, preferably, at least one element selected from the 
group consisting of Ti, Zr, Hf, V, Nb, Ta, Cr, and Mo is Ti, and the content of Ti in the 

20 binder phase is at least 1 mass % and less than 20 mass %. In an X-ray diffraction 
pattern of the sintered diamond object measured under a condition of acceleration of 
electron beam of 40kV, a current of 25mA, an angle of diffraction 29 = 20 to 80°, and a 
scanning speed of 0.1°C/second, a diffraction beam of titanium carbide in a direction of 
(200) has an intensity ratio of at least 3% and less than 50% of a diffraction beam of the 

25 diamond in a direction of (111). Here, the "intensity of the X-ray diffraction beam" 
refers to a height of the peak in the X-ray diffraction pattern in which a CuKoc beam (a 
characteristic X-ray generated from electron of K shell of Cu) is used. 

The present inventors have also paid attention to oxygen or oxide adsorbed on a 
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surface of diamond powder serving as a material for manufacturing the sintered 
diamond object, and have found that strength of the sintered diamond object is 
improved by removing oxygen or oxide to make smaller the defect present in the 
sintered object. Therefore, preferably, the sintered diamond object contains oxygen in 
5 an amount of at least 0.00 1 mass % and less than 0. 1 5 mass %. The proportion of 
oxygen is set to at least 0.001 mass % and less than 0.15 mass %, because it is 
impossible to set the proportion of oxygen to less than 0.001 mass % with current 
technology, and because strength of the sintered diamond object is similar to that in the 
conventional example if it is set to not smaller than 0.15 mass %. 

10 The sintered diamond object according to the present invention can suppress 

abnormal particle growth. Therefore, sintering at a higher pressure or temperature 
condition is also possible. Conventionally, in the industry, the pressure has been set to 
5.5GPa and the temperature has been set to approximately 1000°C in general, that is, a 
necessary and sufficient pressure has been set. If a higher pressure is set as a sintering 

15 condition, fine diamond particles can be sintered to attain a higher content. Moreover, 
as a result of sintering at a higher pressure, neck growth can be promoted. 

According to a method of manufacturing the high-strength and highly-wear- 
resistant sintered diamond object of the present invention, it is desirable to carry out 
sintering by holding for 1 0 minutes under a condition of a pressure in a range from not 

20 lower than 5.7GPa to not higher than 7.5GPa and a temperature in a range from not 

lower than 1500°C to not higher than 1900°C. If the pressure is higher than 7.5GPa, it 
is not practical in view of durability of a mold of an extra-high-pressure generator. If 
the temperature higher than 1900°C is set, an equilibrium line of diamond-graphite is 
exceeded and a graphite stable region is entered. In such a case, graphitization of 

25 diamond occurs. Taking into consideration durability of the mold of the extra-high- 
pressure generator and performance of the sintered diamond object, sintering by holding 
for 10 minutes under a condition of a pressure in a range from not lower than 6.0GPa 
and not higher than 7.2GPa and a temperature in a range from not lower than 1 500°C to 
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not higher than 1900°C is more preferable. 
Effects of the Invention 

According to the high-strength and highly-wear-resistant sintered diamond 
object and the method of manufacturing the same of the present invention, particle 
5 growth can be suppressed without using the hard particle having low affinity with the 

diamond particle. Therefore, direct bond between the diamond particles can further be 
strengthened. As a result, the high-strength and highly-wear-resistant sintered 
diamond object attaining excellent wear resistance, chipping resistance, shock 
resistance, and thermal conductivity can be obtained. 
10 Brief Description of the Drawings 

Fig. 1 is a micrograph showing a texture of a sample IE in Example 1. 

Fig. 2 is a micrograph in a magnification higher than in Fig. 1, showing the 
texture of sample IE. 

Fig. 3 is a micrograph showing a texture of a sample 1H in Example 1. 
15 Fig. 4 is a micrograph in a magnification higher than in Fig. 3, showing the 

texture of sample 1H. 

Fig. 5 is a micrograph showing a texture of sintered diamond object in which 
particle has abnormally grown. 
Best Modes for Carrying Out the Invention 
20 An embodiment of the present invention will be shown in examples below. 

(Example 1) 

In the present example, an average particle size of the sintered diamond object 
powder, the content of the sintered diamond particle in the sintered diamond object, and 
a composition of the binder are varied and the transverse rupture strength and a flank 
25 wear amount were measured. Specifically, a vacuum furnace containing a rotary 
mixer was used to dry-blend the diamond powder having an average particle size of 
0.8|am and mixture powder of Co metal and Ti metal serving as the binder under such a 
condition as a degree of vacuum of 0.1 Pa, a furnace temperature of 300°C, and the 
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number of revolutions of 2000rpm. The blended diamond powder and various binders 
were filled in a container made of Ta (tantalum) in a state that the mixture was in 
contact with a disk made of WC-6% Co hardmetal, and held for sintering for 10 
minutes under a condition of a pressure from 5.7GPa to 7.2GPa and a temperature from 
5 1 500°C to 1 900°C by using a belt-type extra-high-pressure apparatus. A sample in 
which Ti was added was presented for observation of the texture on the surface of the 
completed sintered object, so as to determine whether Ti is present continuously or 
discontinuously. The diamond particle that has grown to a particle size of not smaller 
than 300j^m during sintering was considered as the abnormally grown particle, and the 

10 number of such particles was counted. All sintered objects were worked into bar- 
shaped test pieces having a dimension of 6x3x0.3mm, and thereafter its transverse 
rupture strength was measured in a three-point bending test under a condition of 4mm 
span. In addition, a sintered object chip for cutting (ISO standard: TPGN160304) 
having a main surface shaped in a regular triangle was fabricated and subjected to a 

15 cutting test, in which a flank wear amount was measured. In the cutting test, an Al 
(aluminum) alloy round rod containing 16 mass % Si was used as a material to be cut, 
and the test was conducted with the use of a cutting liquid under a working condition of 
a cutting speed of 800m/min, a cutting depth of 0.5mm, a feed speed of 0.12mm/rev, 
and a cutting time period of 5 minutes. The result is shown in Table 1 . In Table 1, 

20 the sintered diamond object according to the present invention is represented by 

samples IE and 1G. As a result of X-ray analysis of samples IE and 1G, it was found 
that a part of added Ti was present as TiC. 
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As shown in Table 1, in samples 1 A and ID in which 100 mass % Co was used 
as a prepared composition of the binder and diamond powder has an average particle 
size of 0.8^xm, a large number of abnormally grown particles (258 and 23 1 particles) 
were observed in sample 1A and sample ID respectively. In addition, some 
abnormally grown particles (11,8 and 3 particles) were generated in 1C, IF, and 1H 
respectively, in which W was added to the binder. On the other hand, in samples IB, 
IE, 1G, II, and IN in which the binder phase contains at least 0.5 mass % Ti and 
diamond powder has an average particle size of 0.8j^m, abnormal particle growth was 
hardly observed. Therefore, it can be seen that abnormal particle growth can be 
suppressed by containing at least 0.5 mass % Ti in the binder phase. 

In addition, when comparison is made between sample IE in which diamond 
powder has an average particle size of 0.8fim and sample 1L in which diamond powder 
has an average particle size of 2.5|am, transverse rupture strength of sample IE is larger 
than that of sample 1L. Therefore, it can be seen that chipping resistance is improved 
by setting the average particle size of the diamond particle to not larger than 2\xm. 

Moreover, when comparison is made between samples IB and 1C containing 78 
volume % sintered diamond particle and samples IE and IF containing 90 volume % 
sintered diamond particle, the transverse rupture strength of samples IE and IF is larger 
than that of samples IB and 1C, and flank wear amount of samples IE and IF is 
smaller than that of samples IB and 1C. Therefore, it can be seen that chipping 
resistance and wear resistance are improved by setting the content of the sintered 
diamond particle to not smaller than 80 volume %. 

Furthermore, when comparison is made between sample IE containing 16.1 
mass % Ti in the binder phase and sintered under the condition of a pressure of 7.2GPa 
and a temperature of 1900°C and sample IF containing 25.6 mass % W in the binder 
phase and sintered under the condition of a pressure of 6.8GPa and a temperature of 
1800°C, the transverse rupture strength of sample IE is larger than that of sample IF, 
and flank wear amount of sample IE is smaller than that of sample IF. When 
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comparison is made between sample 1G containing 46.2 mass % Ti in the binder phase 
and sintered under the condition of a pressure of 7.0GPa and a temperature of 1900°C 
and sample 1H containing 40.8 mass % W in the binder phase and sintered under the 
condition of a pressure of 6.7GPa and a temperature of 1750°C, the transverse rupture 
5 strength of sample 1G is larger than that of sample 1H 3 and flank wear amount of 
sample 1G is smaller than that of sample 1H. As abnormal particle growth can be 
suppressed by containing Ti in the binder phase, a pressure and a temperature 
representing sintering conditions can be set higher. Therefore, it can be seen that 
chipping resistance and wear resistance can be improved. 

10 Samples IE and 1G according to the present invention attain higher transverse 

rupture strength and smaller flank wear amount than sample 1M representing a 
conventional product. In addition, it can be seen that abnormal particle growth did not 
occur in sample IK having an average particle size of not smaller than 2|om even if Ti 
was not added. Sample IN containing 99 mass % diamond particle attains low 

15 transverse rupture strength and large flank wear amount. Therefore, it can be seen that 
neck growth achieved by the binder is insufficient. 
(Example 2) 

In the present example, an average particle size of Ti contained in the binder 
was varied and the transverse rupture strength and the flank wear amount were 

20 measured. Specifically, a ball mill was used to blend the diamond powder having an 
average particle size of 0.8fim and attaining the content of 90 volume % and the binder 
containing 75 mass % Co and 25 mass % Ti. Ti in the binder having different average 
particle sizes of 0. 1 yim, 0.8jam, 0.9jam, and 1 .Ofim was used. Thereafter, a belt-type 
extra-high-pressure apparatus was used for sintering, in which the mixture was held for 

25 1 0 minutes under a condition of a pressure of 7.2GPa and a temperature of 1 900°C. 

The transverse rupture strength of the obtained sintered object was measured by using 
the method the same as in Example 1 and the flank wear amount thereof was measured 
through a cutting test. The result is shown in Table 2. 
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As shown in Table 2, the flank wear amounts of samples 2A to 2D are 
substantially the same, and the flank wear amounts of samples 2E to 2H are 
substantially the same. Meanwhile, the transverse rupture strength of samples 2A and 
2B is larger than that of samples 2C and 2D, and the transverse rupture strength of 
5 samples 2E and 2F is larger than that of samples 2G and 2H. In addition, the number 
of diamond particles that have grown to a particle size of not smaller than 300^m 
during sintering was counted. Consequently, abnormal particle growth was not 
observed in samples 2 A, 2B, 2E, and 2F. On the other hand, abnormal particle growth 
was observed in samples 2C, 2D, 2G, and 2H (3, 25, 4, and 25 particles respectively). 
10 Therefore, it can be seen that setting the average particle size of Ti in the binder to not 
larger than 0.8jo,m effectively suppresses abnormal particle growth, and chipping 
resistance is improved because neck growth is not suppressed. 

(Example 3) 

In the present example, a method of adding Ti that should be added to the 
15 binder was varied and the transverse rupture strength and the flank wear amount were 
measured. Specifically, a sample 3A was prepared by blending, by means of the ball 
mill, diamond powder having an average particle size of 0.8|im and attaining the 
content of 90 volume % and the binder containing 75 mass % Co and 25 mass % Ti. 
In addition, a sample 3B having a similar composition was prepared by coating the 
20 diamond powder with Ti by using an RF (Radio Frequency) sputtering PVD apparatus. 
Moreover, a sample 3C having a similar texture was prepared by coating the diamond 
powder with Ti by using a CVD (Chemical Vapor Deposition) apparatus such that a 
coating layer has a thickness of 0.1 jxm on an entire surface of the diamond particle. 
Each of samples 3 A to 3C was filled in a container made of Ta (tantalum) in a state that 
25 the sample is in contact with a disk made of WC-6% Co hardmetal, and held for 

sintering for 10 minutes under a condition of a pressure of 7.2GPa and a temperature of 
1900°C by using a belt-type extra-high-pressure apparatus. The transverse rupture 
strength of the obtained sintered object was measured by using the method the same as 



- 18- 



Substitute Specification 
(Marked-up Copy) 



in Example 1 and the flank wear amount thereof was measured in a cutting test. The 
result is shown in Table 3. 
Table 3 



Sintered 
Object 
Sample 


Average 
Particle 
Size of 
Diamond 
Particle 
(Mm) 


Content of 
Diamond 
Particle 
(%) 


Composition 
ofBinder 
(Mass%) 


Composition 
ofBinder 
Phase of 
Sintered 
Object 
(Mass%) 


Particle 
Size of Ti 
(Mm) 


Method of 
Adding Ti 


Transverse 
Rupture 
Strength 
(GPa) 


Flank 
Wear 
Amount 
(um) 


3A 


0.8 


90 


Co: 75%, 
Ti: 25% 


Co: 79.8%, 
Ti: 17.1%, 
W:3.1% 


0.1 


Blending 
with Ball 
Mill 


2.59 


53 


3B 


0.8 


90 


Co: 75%, 
Ti: 25% 


Co: 79.8%, 
Ti: 17.0%, 
W: 3.2% 


0.1 


PVD 


2.88 


39 


3C 


0.8 


90 


Co: 75%, 
Ti: 25% 


Co: 79.6%, 
Ti: 17.2%, 
W: 3.2% 


Coating 
Layer, 
approx. 
0.1 


CVD 


2.46 


55 



5 As shown in Table 3, sample 3B coated by using the RF sputtering PVD 

apparatus exhibited the transverse rupture strength and the flank wear amount superior 
to sample 3 A in which Ti was added by blending by means of the ball mill and sample 
3C in which the diamond particle was coated with Ti by using the CVD method. The 
texture and the surface of each sample were observed by using a metallurgical 

10 microscope. In sample 3 A, segregation of Co or Ti was observed and the uniform 
texture was not obtained. In addition, the average particle size of Ti carbide was 
1 .Ojam, which was larger than that at the time of addition. In samples 3B and 3C, 
segregation of Co or Ti was not observed and the uniform texture was obtained. In 
sample 3C, however, the texture of TiC was continuous, because the entire surface of 

15 the diamond particle was uniformly coated, and not only abnormal particle growth but 
also neck growth between the diamond particles were suppressed. In sample 3B, 
coating of the diamond particle with Ti was not entirely uniform but partial, that is, 
discontinuous, and the average particle size of Ti powder was maintained at 
approximately 0.1 urn. Therefore, it was found that Ti is preferably added by coating 

20 by means of the RF sputtering PVD apparatus. It was also found that lowering in the 
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10 



15 



transverse rupture strength or increase in the flank wear amount is caused if carbide has 
an average particle size larger than 0.8jj,m or if the texture of the carbide itself is 
continuous. 

(Example 4) 

In the present example, variation in the transverse rupture strength when 
samples 3A to 3C in Example 3 were subjected to dissolution treatment was observed. 
Specifically, a test piece cut out from the sintered diamond object represented by 
samples 3 A to 3C in Example 3 in a planar rectangular shape having a length of 6mm, a 
width of 3mm, and a thickness of 0.4 to 0.45mm was subjected to dissolution treatment 
in a sealed container at a temperature of not lower than 120°C and lower than 150°C for 
3 hours by using fluoro-nitric acid obtained by mixing 40ml of twice-diluted nitric acid 
having a concentration of at least 60% and less than 65% and 10ml of hydrofluoric acid 
having a concentration from 45 to 50%. Among the test pieces (samples) obtained in 
the above-described manner, a sample that had been identified as sample 3A was 
identified as a sample 4A, a sample that had been identified as sample 3B was 
identified as a sample 4B, and a sample that had been identified as sample 3C was 
identified as a sample 4C. Using each sample, the transverse rupture strength was 
measured under a condition of 4mm span. The result is shown in Table 4. 

Table 4 



Sintered 
Object 
Sample 


Average 
Particle 
Size of 
Diamond 
Particle 
(um) 


Content 

of 
Diamond 
Particle 

(%) 


Composition 
of Binder 
(Mass%) 


Composition 
of Binder 
Phase of 
Sintered 
Object 
(Mass %) 


Particle 
Size of Ti 
(Mm) 


Method of 
Adding Ti 


Transverse 
Rupture 
Strength 
(GPa) 


Dissolution 
Treatment 


4A 


0.8 


90 


Co: 75%, 
Ti: 25% 


Co: 79.8%, 
Ti: 17.1%, 
W:3.1% 


0.1 


Blending 
with Ball 
Mill 


2.02 


Yes 


4B 


0.8 


90 


Co: 75%, 
Ti: 25% 


Co: 79.8%, 
Ti: 17.0%, 
W: 3.2% 


0.1 


PVD 


2.59 


Yes 


4C 


0.8 


90 


Co: 75%, 
Ti:25% 


Co: 79.6%, 
Ti: 17.2%, 
W: 3.2% 


Coating 
Layer, 
approx. 
0.1 


CVD 


1.98 


Yes 



20 



As shown in Table 4, the transverse rupture strength of sample 4B, in which Ti 
was added by using the RF sputtering PVD apparatus, reduced solely by 0.22GPa, from 
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2.88GPa to 2.59GPa. In contrast, the transverse rupture strength of sample 4A, in 
which Ti was added by blending by means of the ball mill, significantly reduced by 
0.57GPa, from 2.59GPa to 2.02GPa. In addition, the transverse rupture strength of 
sample 4C, in which Ti was added by using CVD, also significantly reduced by 
5 0.48GPa, from 2.46GPa to 1 .98GPa. Therefore, it can be seen that neck growth 

between the diamond particles has developed and a strong structure has been formed by 
adding Ti by means of the RF sputtering PVD apparatus, that is, by developing a 
discontinuous texture of Ti itself. 
(Example 5) 

10 In the present example, a proportion of Ti in the binder was varied and an 

intensity ratio between the diffraction beam of TiC in a direction of (200) and the 
diffraction beam of diamond in a direction of (1 1 1) in the obtained sintered object was 
measured. Specifically, three types of samples were prepared: a sample 5A containing 
78 volume % diamond powder and a material to be sintered containing 75 mass % Co 

15 and 25 mass % Ti; a sample 5B containing 90 volume % diamond powder and a 

material to be sintered containing 75 mass % Co and 25 mass % Ti; and a sample 5C 
containing 90 volume % diamond powder and a material to be sintered containing 50 
mass % Co and 50 mass % Ti. In all samples, the average particle size of the diamond 
powder was set to 0.8jum. Thereafter, a belt-type extra-high-pressure apparatus was 

20 used for sintering, in which the sample was held for 10 minutes under a condition of a 
pressure of 7.2GPa and a temperature of 1 900°C. A characteristic X-ray generated 
from electron of K shell of Cu was used to measure an X-ray diffraction pattern of the 
obtained sintered diamond object under a condition of acceleration of electron beam for 
irradiating a Cu target of 40kV, a current of 25mA, an angle of diffraction 29 = 20 to 

25 80°, and a scanning speed of 0.1°C/second, and the intensity ratio between the 

diffraction beam of TiC in the direction of (200) and the diffraction beam of diamond in 
a direction of (1 1 1) was measured. The result is shown in Table 5. In Table 5, 
sample 5B represents the sintered diamond object according to the present invention. 
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Table 5 



Sintered 
Sample 


Average 
Particle Size of 
uiaiiiona 
Particle 


Content of 
Diamond 
Particle 

(Volume%) 


Composition 
of Material to 
be Sintered 
(Mass %) 


Composition of 
Binder Phase of 
Sintered Object 
(Mass%) 


Intensity 
Ratio of X- 

Ray 
Diffraction 


Flank Wear 
Amount 
(Mm) 


5A 


0.8 


78 


Co: 75%, 
Ti: 25% 


Co: 79.8%, 
Ti: 17.1%, 
W:3.1% 


57% 


65 


5B 


0.8 


90 


Co: 75%, 
Ti: 25% 


Co: 79.8%, 
Ti: 17.0%, 
W: 3.2% 


40% 


39 


5C 


0.8 


90 


Co: 40%, 
Ti: 60% 


Co: 31.9%, 
Ti: 51.8%, 
W: 2.6% 


61% 


68 



As shown in Table 5, the X-ray diffraction intensity ratio of sample 5B attaining 
the smallest flank wear amount was 40%. On the other hand, samples 5A and 5C 
5 attained the intensity ratio larger than 50%. Therefore, it can be seen that the flank 

wear amount tends to increase in a sample attaining the intensity ratio of TiC exceeding 
50%. In addition, it can also be seen that the intensity ratio of the diffraction beam of 
TiC in a direction of (200) is preferably in a range of not lower than 0.01% and less 
than 50% of the diffraction beam of diamond in a direction of (1 1 1), because abnormal 
10 particle growth occurs in the sintered object without containing Ti in the binder 
composition. 

(Example 6) 

In the present example, an amount of oxygen contained in the sintered diamond 
object was varied and the transverse rupture strength and the flank wear amount were 
15 measured. Specifically, the diamond powder having an average particle size of 0.8jim 
and attaining the content of 90 volume % and the binder containing 75 mass % Co and 
25 mass % Ti were blended. Thereafter, the resultant mixtures were subjected to 
thermal treatment for 60 minutes in vacuum at temperatures of 1000°C, 1 100°C, and 
1250°C respectively, so as to reduce the binder and partially graphitize the diamond 
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particle from the surface. Thereafter, a belt-type extra-high-pressure apparatus was 
used for sintering, in which the sample was held for 10 minutes under a condition of a 
pressure of 7.2GPa and a temperature of 1900°C. Among the obtained samples, a 
sample that had been subjected to thermal treatment at the temperature of 1000°C was 
identified as a sample 6A; a sample that had been subjected to thermal treatment at the 
temperature of 1 1G0°C was identified as a sample 6B; and a sample that had been 
subjected to thermal treatment at the temperature of 1250°C was identified as a sample 
6C. An amount of oxygen contained in samples 6A to 6C was measured by using ICP 
(Inductively Coupled Plasma). In addition, the transverse rupture strength of samples 
6 A to 6C was measured with the method the same as in Example 1 . The result is 
shown in Table 6. 



Table 6 



Sintered 
Object 
Sample 


Average 
Particle 
Size of 
Diamond 
Particle 
(Mm) 


Content of 
Diamond 
Particle 
(Volume %) 


Composition 
of Material to 
be Sintered 
(Mass %) 


Composition of 
Binder 
Phase of 
Sintered Object 
(Mass%) 


Heating 
Temperature 
(°C) 


Oxygen 
Content 
(Mass% 
) 


Transverse 
Rupture 
Strength 
(GPa) 


6A 


0.8 


90 


Co: 75%, 
Ti:25% 


Co: 79.8%, 
Ti: 17.1%, 
W: 3.1% 


1050 


0.20 


2.04 


6B 


0.8 


90 


Co: 75%, 
Ti: 25% 


Co: 79.8%, 
Ti: 17.0%, 
W: 3.2% 


1150 


0.14 


2.44 


6C 


0.8 


90 


Co: 75%, 
Ti: 25% 


Co: 79.6%, 
Ti: 17.2%, 
W: 3.2% 


1250 


0.05 


2.59 



As shown in Table 6, if the temperature for thermal treatment before sintering 
was changed, an amount of oxygen contained in the sintered diamond object varied. If 
the amount of oxygen is not larger than 0.15 mass %, the transverse rupture strength is 
significantly improved. Therefore, it can be seen that chipping resistance is improved 
by containing oxygen in an amount of less than 0.15 mass %. 

(Example 7) 

In the present example, the sintered diamond objects represented as sample IE 
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(present invention) and sample 1H (conventional example) in Example 1 were treated 
with acid and microphotographed. Fig. 1 is a micrograph showing a texture of sample 
IE in Example 1. Fig. 2 is a micrograph in a magnification higher than in Fig. 1, 
showing the texture of sample IE. Fig. 3 is a micrograph showing a texture of sample 
5 1H in Example 1 . Fig. 4 is a micrograph in a magnification higher than in Fig. 3, 
showing the texture of sample 1H. 

Referring to Figs. 1 to 4, a plurality of small holes scattered on the whole 
surface correspond to portions that were the binder phase. The volume of the binder 
phase in Figs. 1 and 2 showing the sintered diamond object according to the present 

10 invention is smaller than the volume of the binder phase in Figs. 3 and 4 showing the 
conventional sintered diamond object. Therefore, it can be seen that the neck growth 
of the diamond particles is not blocked by the binder phase in the present invention. 

Fig. 5 is a micrograph showing a texture of the sintered diamond object in 
which particle has abnormally grown. Referring to Fig. 5, a small spot represents the 

15 diamond particle that has abnormally grown. The diamond particle that has 

abnormally grown has a particle size of not smaller than 300/j,m. A large number of 
such abnormally grown particles were observed in the conventional sintered diamond 
object. The present invention can suppress such abnormally grown particle. 

The examples disclosed above are by way of illustration and are not to be taken 

20 by way of limitation, the spirit and scope of the present invention being limited not by 
the examples above but by the claims and intended to include all modifications and 
variations within the scope of the claims, 
ductivity can thus be obtained. 
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